Single channel currents of sodium channels purified from rat brain and reconstituted into planar lipid bilayers were recorded . The kinetics of channel gating were investigated in the presence of batrachotoxin to eliminate inactivation and an analysis was conducted on membranes with a single active channel at any given time . Montal . 1985 . Biophysical journal . 47 :469-478) shows that there is no correlation in the durations of successive open or closing events . Several kinetic schemes that are consistent with the experimental data are considered . This approach may provide information about the mechanism underlying the voltage dependence of channel activation .
INTRODUCTION
Voltage-sensitive sodium channels mediate the inward sodium current during the depolarizing phase of an action potential . A group of lipid-soluble toxins, batrachotoxin, veratridine, aconitine, and grayanotoxin, which share a common receptor site on the sodium channel, can profoundly alter the voltage and time dependence of opening, single channel conductance, ionic selectivity, and inactivation (reviewed by Catterall, 1980) . Batrachotoxin (BTX), the most potent of these, shifts the voltage dependence of activation 50 mV in the hyperpolarizing direction and eliminates both fast and slow inactivation, which results in persistently open sodium channels at the normal membrane resting potential Narahashi et al., 1971 ; Khodorov and Revenko, 1979; Huang et al., 1982) . Recently, single channel studies of BTX-modified sodium channels have extended our knowledge of sodium channel function (Quandt and Narahashi, 1982 ; Krueger et al., 1983 ; French et al., 1984; Moczydlowski et al., 1984) and have yielded a kinetic model of the BTX-modified sodium channel (Huang et al ., 1984) .
BTX and veratridine have also been extremely useful tools in the study of sodium channels that have been reconstituted into lipid vesicles after purification from rat muscle (Weigele and Barchi, 1982 ; Tanaka et al., 1983) , rat brain (Talvenheimo et al., 1982 ; Tamkun et al., 1984) , and eel electroplax (Rosenberg et al., 1984x) . These studies have demonstrated that the sodium channel protein, which was purified on the basis of its ability to bind saxitoxin (STX) or tetrodotoxin (TTX), retains a functional ion conduction pathway with the ionic selectivity and neurotoxin sensitivity characteristic of the sodium channel. Single channel recordings of sodium channels purified from eel electroplax (Rosenberg et al., 1984b) , rat brain (Hanke et al ., 1984; Hartshorne et al., 1984 Hartshorne et al., , 1985 , and rabbit T-tubules (Furman et al., 1986) were recently obtained as a first step toward the detailed characterization of the electrophysiological properties of the purified channel protein under voltage-clamp conditions . The voltage dependence of opening, the apparent gating charge, the voltage and concentration dependence of TTX block, the ionic selectivity, and the single channel conductance of BTXmodified sodium channels purified from rat brain were shown to be in good agreement with the properties of BTX-modified native rat brain sodium channels incorporated into planar lipid bilayers in a similar manner Krueger et al., 1983 ; French et al., 1984) .
In this article, we determine the opening and closing rates and the voltage dependence of these rates for BTX-modified sodium channels purified from rat brain and reconsituted into planar lipid bilayers . These results are compared with an analysis of rate constants from a patch-clamp study of BTX-modified sodium channels in neuroblastoma cells (Huang et al., 1984) , and kinetic models consistent with the data are discussed.
A preliminary account of this research has been presented elsewhere .
MATERIALS AND METHODS

Sodium Channel Purification and Reconstitution in Lipid Vesicles
Sodium channels were purified from a Triton X-100 solution of rat brain membranes by chromatography on DEAE-Sephadex, hydroxylapatite, and wheat germ agglutinin-Sepharose 4B, followed by sedimentation through sucrose gradients as described by Hartshorne 3 and Catterall (1984) using the modifications of Tamkun et al . (1984) . The purified sodium channels had a specific activity of >2,000 pmol of [ sH]STX-binding sites per milligram of protein . The sodium channels were reconstituted using the procedure of Talvenheimo et al . (1982) into lipid vesicles composed of 35% (wt/vol) bovine brain phosphatidylethanolamine (PE) (Sigma Chemical Co ., St. Louis, MO) and 65% bovine brain phosphatidylcholine (PC) (Sigma Chemical Co .) by adding a solution of 0 .7% PE and 1 .3% PC in 10% Triton X-100 to the purified channels to a final concentration of 0 .2% PC and 0 .105% PE . Thereafter, Triton X-100 was removed by overnight incubation with 0 .25-0.4 ml of Bio-Beads SM-2 (Bio-Rad, Richmond, CA) per milliliter of reconstitution mixture . The Bio-Beads were removed and replaced with an equal volume of fresh Bio-Beads and the incubation was continued for an additional 2 h. The resulting vesicles were composed of 2 mg/ml PC, 1 .05 mg/ml PE, 5-15 pmol/ml STX receptor, and -17,ug protein/ml in 50 mM NaCl, 10 mM Hepes/Tris, pH 7 .4, 0.5 mM MgS04 , and 400 mM sucrose .
Reconstitution into Planar Lipid Bilayers
Sodium channels were incorporated into planar lipid bilayers by fusing vesicles with preformed bilayers (Krueger et al ., 1983; Miller and Racker, 1976; Cohen et al ., 1982; Weiss et al., 1984) . Black lipid membranes (Mueller et al ., 1963) were spread from a solution of 40 mg synthetic 1-palmitoyl-2-oleoyl PE and 10 mg/ml of 1-palmitoyl-2-oleoyl PC (Avanti Polar Lipids, Birmingham, AL) in n-decane or 50 mg/ml diphytanoyl PC (Avanti Polar Lipids) in n-decane across an aperture separating two aqueous compartments ; the aperture diameter ranged between 70 and 200 /Am . One compartment, identified here as the cis compartment, contained 450 A,1 of an aqueous solution of 0.5 M NaCl in medium I (10 mM Hepes/Na+, pH 7 .4, 0.15 mM CaC12 , 0 .1 MM MgC1 2, 0.05 mM EGTA) plus 1-5,ul of sodium channel proteoliposomes . The second (trans) compartment contained 450 ,.l of 0 .2-0 .4 M NaCl in medium I and 1 ILM BTX . BTX was the generous gift of J. W . Daly (National Institutes of Health, Bethesda, MD). Bilayers with a specific capacitance between 0.26 and 0.34 AF/cm 2 and a resistance of >300 GO were used . After incorporation of a single sodium channel into the lipid bilayer, further incorporation was stopped by adding 4 M NaCl to the trans chamber to yield a final concentration of 0 .5 M NaCl. All experiments were performed at 21 ± 2°C .
Electrical Recording and Data Analysis
A List Medical Electronics (Medical Systems Corp., Greenvale, NY) EPC-7 in the voltageclamp mode was used to amplify the current and control the voltage across the bilayer through Ag/AgCI pellet electrodes . The trans electrode was set to a command voltage relative to the cis electrode, which was held at virtual ground. The EPC-7 output was filtered at 3 kHz and recorded on a Racal 4DS FM tape recorder (bandwidth DC to 5 kHz ; Racal Recorders, Hythe, Southampton, England) for subsequent analysis. The recordings were filtered at 1-2 kHz with an eight-pole Bessel low-pass filter (Frequency Devices, Haverhill, MA) and digitized at a sampling interval of 100 'Us on a PDP 11/34 computer (Digital Equipment Corp., Marlboro, MA). Channel open and closed conductance levels were discriminated using a pattern-recognition program described previously (Labarca et al ., 1984) . Only recordings with one active channel were analyzed . Analyzed data were transferred to a VAX 11/750 computer system (Digital Equipment Corp.) for further processing and fitting of different models .
Voltage Convention
The voltage convention used is the electrophysiological convention V = V(intracellular) -V(extracellular) .
The "extracellular" side of the sodium channel is defined as that from which TTX blocks (Narahashi et al., 1966) or is determined from the polarity of the electrode potential that closes the channel by hyperpolarization . 
GO Scheme
For the kinetic scheme where C and O denote channel closed and open states, respectively, transition rates a and # must be determined . Considering a Markovian kinetic model, the measured opening and closing rates correspond to the eigenvalues X, and X2 of the partitioned transition matrix (Colquhoun and Hawkes, 1981) . Accordingly, the opening rate is for the closing rate : THE JOURNAL OF GENERAL PHYSIOLOGY " VOLUME 88 " 1986 a fit of four transition rates, a, 0, 7, and 6, is required . Again, the measured opening and closing rates are given as the eigenvalues of the partitioned transition matrix . For the opening rates : 
X2='/[a+y+6-N/(a+7+6)2-4a-y] ;
5 (Colquhoun and Hawkes, 1981 ; Huang et al ., 1984) . The equations for the opening rates are simplified for X, >> a2. In this case, X, approximates a + 'Y + S, and X2 approximates a-y/X, (see Fig . 7A ). Transition rate S was determined from the fraction of time in the open state :
For the kinetic scheme transition rates a, ,B, -y, and b were named to underline the similarities with the GC-O scheme . With X; as the eigenvalues of the partitioned transition matrix, the transition rates are given by fop = ay/(a1' + f1' + flb) . 
In general, all types of fits correspond to physical models involving dipole moments of varying voltage dependence (Hodgkin and Huxley, 1952; Neher and Stevens, 1979; French and Horn, 1983; Horn and Vandenberg, 1984 ; Vandenberg and Horn, 1984) . For all models, the variation is expressed as the standard error of the mean, unless otherwise specified . For the physical models invoking the movement of gating charges, exponential functions of voltage were fitted to all transition rates according to the equation :
where k is the Boltzmann constant, T is the absolute temperature, and v is the effective 
6 THE JOURNAL OF GENERAL PHYSIOLOGY " VOLUME 88 -1986 vibration frequency (in units of reciprocal seconds) . The logarithm of the rates as a function of voltage was fitted by a linear least-squares program using the RS/1 software package of BBN Research Systems (Bolt, Beranek and Newman, Inc ., Cambridge, MA) on a VAX 11/750 computer system .
For models other than that involving freely moving gating charges, the opening and closing rates were fitted with more complex functions of voltage . In particular, rates were fitted with the function where a and b are constants . This is a sigmoidal function that saturates at transition rate = 0 and transition rate = a . This type of function was used by Hodgkin and Huxley (1952) to approximate the transition rate between the inactivated and the open states . Fitting was achieved in a series of iterations, in which the parameters were systematically adjusted by the Marquardt-Levenberg method until a least-squares solution was reached (Fletcher, 1971) . Rate constants that could not be fitted by this function were approximated by using a Taylor expansion for their voltage dependence . In this case, no specific assumptions about the underlying molecular mechanisms were made . As described by Neher and Stevens (1979) , the transition rates were approximated by the series The current records were filtered at 1 kHz, converted to digital form at a sampling frequency of 5 kHz, and plotted at reduced speed on a Gould 2200 S chart recorder (Gould, Inc ., Cleveland, OH). (B) The upper record is a computer-digitized signal recorded at an applied volume of V = -95 mV under same conditions as in A. After filtering at 2 kHz, the records were digitized at a sampling interval of 100 As . A downward deflection is a channel opening event and the next upward step is associated with channel closing . Transitions between the closed and open states are indicated by the arrows . The lower record is the reconstruction of the signal by a pattern-recognition computer program (Labarca et al., 1984) . 8 THE JOURNAL OF GENERAL PHYSIOLOGY " VOLUME 88 " 1986 of t. These dwell time histograms are fitted by a probability density function of the form N f(t) _ a ;e (20) where a, the amplitude of the fitted curve and T, the time constant of the exponential fit, are calculated by a X2 minimization algorithm (Fletcher, 1971 ; Labarca et al ., 1985) . The goodness of fit is measured by the probability (p) of obtaining a value for X 2 that is greater than or equal to the obtained value. A p _< 0.05 indicates a significant disagreement between the experimental histogram and the fitted probability density. Fig. 2 is a graphic presentation of dwell times in the open and closed states of the sodium channel at V = -95, -85, and -65 mV, for a typical experiment . The fitted probability density (smooth curve) is superimposed on the experimental histogram. Table I displays the results of the analysis of closed dwell time histograms for two different applied voltages . At V = -100 mV, the closed dwell time distribution is well fitted by a single-exponential function (p > 0.05) . This holds for applied voltages more negative than -75 mV. In contrast, at V :,---75 mV, the closed times are not well fitted by a single exponential (p = 0.00 at V = -65 mV), and the sum of two exponentials is required to fit the histograms . Table II shows the parameters of the probability density function for three different experiments. Note that A; corresponds to the relative area under the fitted curve. The average short closed time decreases markedly with depolarization from rc, = 25.2 -} 6 .2 ms (SEM, n = 5) at V = -100 mV to Tc, = 1 .8 ± 1 .1 ms (n = 5) at V = -60 mV. The variability of the dwell times for each applied voltage reflects the earlier observations that the voltage dependence of channel opening varies from channel to channel. The corresponding opening rate (closed time-') is plotted as a semilogarithmic function of the applied voltage in Fig. 3A . The fast opening rate is exponentially voltage dependent for negative applied voltages with a slope of 13 .5 ± 0.9 mV/e-fold change .
In contrast, the long closed time (Tcs) , apparent only at applied voltages more positive than -75 mV, is prolonged by depolarization. The corresponding slow opening rate (Fig. 3A) decreases exponentially with a slope of -20.2 ± 2 .3 mV/ e-fold change (n = 5).
For positive applied voltages, closed dwell time histograms are not well fitted by a single-exponential function. The sum of two exponential functions is required to fit the data. The average closed times at V = +100 mV are Tc, = 0.79 ± 0.09 ms (n = 3) and Tc2 = 26.8 ± 3 .1 ms (n = 3). The corresponding opening rates are practically voltage independent, increasing e-fold for voltage changes of >300 mV (Table III) For purposes of illustration, the data were sampled in sampling units of 0 .4 or 1 ms, as indicated . The fitted curves (smooth curve) were superimposed on the histograms of the actual data (bars). With the exception of the closed dwell time histogram at V = -65 mV, all the data were well fitted by a single exponential, ignoring dwell times t <_ 0.1 ms. For the graphic demonstration of the bimodal distribution at V = -65 mV, dwell times t <-0.5 ms were ignored, thereby increasing the relative area of the "slow" exponential component . The parameters of the exponential components and the number of events analyzed are indicated . 10 THE JOURNAL OF GENERAL PHYSIOLOGY " VOLUME 88 " 1986 (Fig. 3B) . In contrast, for positive applied voltages, the closing rate is only moderately voltage dependent (71 ± 26 mV/e-fold change).
Probability of Channel Opening Fig. 4 is a fundamental property of the system : it can be calculated by integration of conductance histograms as previously described ; open squares, Fig. 4 ), or alternatively from dwell time histograms (solid circles) according to: fop = NTo/T, (21) where N is the number of transitions and T is the total recording time at a particular applied voltage. The agreement demonstrates that the time constant To is accurately determined by our procedures and justifies the assumption that (Feller, 1971) .
Covariance Analysis
Single Voltage dependence of opening (A) and closing rates (B). (A) Current records similar to those in Fig . 1 , lasting 30-60 s at each voltage, were digitized, and the opening rates at each applied voltage were determined by probability density analysis. The different symbols correspond to data points obtained from four different membranes . To prevent noise from interfering with the determination of channel transitions, only records for applied voltages V < -50 mV or V > 50 mV were analyzed . For applied voltages V < -80 mV, the data were well fitted by a single opening rate. For applied voltages more positive, the hypothesis of a single opening rate was rejected at a p = 0.05 significance level (X 2 test) . For all voltages, the data were well fitted by the assumption of two opening rates . For negative applied voltages, the opening rates were found to be strongly voltage dependent, whereas for positive applied voltages they were practically voltage independent . The straight lines were obtained by fitting different exponential functions to the four opening rates according to a least-squares fit . (B) Two exponentially voltage-dependent closing rates fitted the data for all applied voltages investigated . The fits were done as in A . For negative applied voltages, the rate was strongly voltage dependent, whereas for positive applied voltages the rate was almost voltage independent . The different symbols indicate data points obtained from four different experiments . Labarca et al . (1985) . Covariance functions, which can be readily estimated from experimental data, have provided information that has proved valuable in discriminating between different kinetic models of the cholinergic receptor channel and the chloride channel of Torpedo californica (Labarca et al ., 1985) .
APPLIED VOLTAGE (mV) FIGURE 4 . Probability of channel opening . The percentage of time that the channel spends in the open state is strongly voltage dependent for applied voltages -100 mV < V < -50 mV . For positive applied voltages, the channel spends 95% of the time in the open state . The open squares were obtained by integrating conductance histograms as described in Hartshorne et al . (1985) . The solid circles were calculated independently for different applied voltages according to Eq. 21 : fp = Nr,IT. The three lines correspond to different kinetic models of sodium channel gating and were calculated from the rate constants obtained for the best fit of the data to the models (see text for details). For models with exponentially voltagedependent transition rates, only the five-state C-C-O-C-C model fits the data for negative and positive applied voltages . n-k The correlation function of sodium channel open times is shown in Fig. 5A for an applied voltage V = -60 mV. The solid line is the average for four different experiments and the square data points display the result for a recording with N = 3,578_transitions. For all k > 0, the correlation function has a value smaller than ±2 ./N, i.e., ±2 times the approximate standard error of the estimate in the case of white noise (dashed line). This result indicates that there is no significant correlation in the durations of successive open dwell times. In discussing the experimental data, we consider first the kinetic models used to determine the transition rates, and then we outline plausible physical mechanisms that can generate the observable values, namely, lifetimes in channel closed and open states .
Two-State Model
THE JOURNAL OF GENERAL PHYSIOLOGY " VOLUME 88 " 1986 Fig . 5B shows the correlation function for successive closed dwell times at an applied voltage V = -60 mV. There is no correlation in the durations of successive closing events . This result is particularly important for data that display two closed time constants, namely, recordings obtained at V more positive tham -75 mV.
The results of the covariance analysis are consistent with any kinetic model that postulates a single open state (Labarca et al., 1985) . (French et al ., 1984) :
where k is the Boltzmann constant, T is the absolute temperature, and q is the apparent gating charge . This function matches the dashed line in Fig. 4 for 3 .9 electronic charges and V5o = -82 mV. Thus, for the purified sodium channel, the gating charge q can be attributed to q. = 2 .0 charges determining the voltage dependence of a, and qa = 1 .9 charges determining the voltage dependence of a. The simple two-state model with exponentially voltage-dependent transition rates approximates the kinetics of BTX-modified sodium channels exhibited at negative applied voltages . However, it does not account for either the occurrence of the second closed state or the additional channel states at positive applied voltages . (Huang et al ., 1984) . The fraction of time in the open state is given by Eq . 9:
As described by Huang et al . (1984) , exponentially voltage-dependent transition rates are fitted to the measured opening and closing rates (Fig . 6 ) . Transition APPLIED VOLTAGE (mV) FIGURE 6. C-C-O model with exponentially voltage-dependent transition rates. For the C-C-O scheme, the measured opening rates (Fig . 3A) correspond to eigenvalues X, and X2 of the transition matrix (Huang et al ., 1984) and are related to the transition rates a, -y, and S as described in Materials and Methods. For voltages other than -80 mV, the eigenvalues X, and X2 approximate the transition rates a and 7 . Transition rate ,B is equal to the measured closing rate . S was calculated using Eq . 9 for the percentage of time in the open state and the data of Fig. 4 for V < 0 mV . All transition rates were fitted to exponential functions of voltage by the leastsquares method . The data used for the fitting are shown as solid squares in Fig. 3 and as solid circles in Fig. 4 . The results of the fitting for all experiments investigated are displayed in Table 111 . rate a is exponentially voltage dependent, with a slope of 13 .5 ± 0.9 mV/e-fold change (n = 4), which corresponds to^-2 apparent gating charges moving through the membrane electric field. Transition rate ,B has an opposite voltage dependence with approximately the same slope (-13 .6 ± 0 .6 mV/e-fold change, n = 5) . Transition rate y has a similar voltage dependence with an e-fold change for -20.3 ± 2.3 mV (n = 5) . This slope corresponds to 1 .2 apparent gating charges sensing the applied electric field . For transition rate S, determined from the fraction of time in the open state (Eq. 9), the least-squares fit is obtained for a slope of 18 .6 ± 3.5 mV/e-fold change (n = 4) . 1 6 THE JOURNAL OF GENERAL PHYSIOLOGY " VOLUME 88 -1986 To test this model, the fraction of time in the open state is calculated for the transition rates. The result is shown as a dotted line in Fig. 4 (C-C-0 model) . Note that the experimental data are well approximated by the C-C-O model, but only for negative applied voltages .
This analysis indicates that the three-state C-C-O model with exponentially voltage-dependent transition rates accounts for all the data on channel kinetics at negative applied voltages, but is inadequate for positive applied voltages .
C (Fig. 4) .
For the BTX-activated sodium channel, the results of both the probability density analysis and the covariance analysis are consistent with the C-O-C model. Thus, with these analyses, the C-O-C and C-C-O schemes cannot be distinguished. To identify the correct scheme, voltage jump relaxation measurements will be required .
Five-State Model C-C-O-C-C model. Transition rates are determined by splitting the Cl-C2-0-C3-C4 scheme into a Cl -C2 -0 scheme for negative and an O-Cs-C4 scheme for positive applied voltages . This approximation isjustified for the BTX-modified sodium channel, because channel states C, and C2 occur only at negative applied voltages, whereas states Cs and C4 occur only at positive applied voltages . For the negative and the positive voltage range, the transition rates are determined separately .
The least-squares fit for the transition rates is shown in Fig. 7 . The transition rates for V < 0 mV correspond to the previously determined C-C-O scheme . The data for V > 0 mV are fitted to an O-C-C kinetic scheme as previously described for negative applied voltages (Huang et al ., 1984) . With the exception of #' (71 mV/e-fold change), every transition rate requires a voltage difference of >300 mV for an e-fold change (corresponding to <0 .08 apparent gating charges crossing the membrane).
The percentage of time in the open state is calculated by assuming that all the transition rates of Fig. 7 hold for applied voltages -120 mV < V < 120 mV. Eq. 16 is used to calculate the fraction of time that the channel spends in the open state (solid line in Fig. 4) . The five-state model with exponentially voltagedependent transition rates accounts for the percentage of time in the open state for the complete voltage range studied (Fig. 8A) .
Thus, for negative and positive applied voltages, the data fit a kinetic scheme with one open and four kinetically distinct closed states . Channel gating at negative applied voltages is determined by a voltage-dependent mechanism (C-C-0 scheme), whereas for positive applied voltages it is governed by a voltageindependent mechanism (O-C-C scheme).
C-C-O model with saturating rate constants. In the five-state model, there is a striking symmetry between the channel states at negative and positive applied voltages : the exponentially voltage-dependent transition rates at negative applied voltages seem to level off at positive voltages (Fig . 3) . It is therefore tempting to speculate that the voltage-dependent C-C-O scheme at negative applied voltages is transformed into the voltage-independent O-C-C scheme at positive applied
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FIGURE 7 . C-C-O-C-C model with exponentially voltage-dependent transition rates. The transition rates for negative applied voltages were fitted as described in Fig. 6 . For positive applied voltages, the data were fitted to an O-C-C scheme (see Materials and Methods). The five-state kinetic model with exponentially voltagedependent transition rates fits all the data.
voltages . Without any assumptions about the underlying molecular mechanism, the simplest approach is to approximate the voltage dependence of the transition rates for -120 mV < V < +120 mV with an exponential series of the form (Eq. 19):
( a+bV+,V'+ transition rate = Pe` kT (Neher and Stevens, 1979) , where a, b, c . . . . are constants. This function is used to describe the voltage dependence of the closing rate, ,B, and the slow opening rate, y, for the complete voltage range investigated . For transition rates a and S, the number of parameters is reduced by using Eq. 18 : (Hodgkin and Huxley, 1952) , where a and b are constants. In fact, this function is a special case of Eq . 19 that explicitly includes a saturation of the transition rate . The relative occurrence of channel states for the C-C-O model with 18 THE JOURNAL OF GENERAL PHYSIOLOGY . VOLUME 88 -1986 saturating transition rates is shown in Fig . 8 B. The result ofthe fitting procedure for the voltage dependence of transition rates a, ,ß, y, and S in the voltage range -120 mV < V < +120 mV is displayed in Fig . 9 . It is evident, therefore, that the gating of BTX-modified sodium channels is Fig . 7 . A summary of these results is shown in Table 111 .
For the entire studied range of applied voltages, BTX-modified sodium channel gating can be explained by a C-C-O-C-C model with exponentially voltagedependent transition rates (Fig . 8A) or by a GC-O model with saturating transition rates (Fig . 8B ) . At present, we favor the latter scheme because of its inherent simplicity .
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THE JOURNAL OF GENERAL PHYSIOLOGY " VOLUME 88 " 1986 Comparison of the Native and Purified Sodium Channel
The kinetic analysis of the purified sodium channel modified by BTX suggests a scheme with one open and two closed states with exponentially voltage-dependent transition rates between states for negative applied voltages . This result is in agreement with the kinetic scheme proposed for the native sodium channel in mouse neuroblastoma cells (Huang et al., 1984) as summarized in Table IV . Some details deserve further comment.
(a) The similar voltage dependences of a, ,#, and .y indicate that the same number of gating charges are involved in the gating process. (b) For the purified sodium channel, the absolute value of a at V = -70 mV is sixfold faster ( Table  III; Table I of Huang et al., 1984) . (c) From the similarity of ,B in native and purified sodium channels, the inference can be drawn that the energy levels of TABLE IV Transition Rates for a C-C-O Model of the Native and the Reconstituted Na' Channel * Data of Huang et al . (1984) from neuroblastoma sodium channels (average, n = number of experiments) . $ Sodium channels purified from rat brain . the open state are equal for the two kinds of channels . (d) For transition rate S, the agreement is only qualitative because S is more voltage dependent for the purified channel. As S primarily determines PM,X, the maximum percent of time in the open state at negative applied voltages, the difference in S is reflected in Pn,ax = 95% for the purified sodium channel and PInaX = 80% for the native sodium channel. It is worth noting that Krueger et al . (1983) determined the P.,ax for native sodium channels in planar lipid bilayers to be .> .98% .
Disparities in channel gating characteristics may arise from differences in lipid and ionic environments . For example, the gating kinetics of alamethicin channels are significantly slower in natural membranes than in lipid bilayers (Sakmann and Boheim, 1979) . Similarly, opening rate a is significantly slower for the native sodium channel in neuroblastoma cells than for the purified channel investigated in planar lipid bilayers . Specifically, the purified sodium channel was studied in symmetric solutions of 0.5 M NaCl in neutral lipid membranes. By contrast, the native channel was investigated in 0.1 M salt in the natural membrane milieu, which, in general, is partially negatively charged. The influence of ionic strength and lipid composition on channel gating is an interesting area for future studies (cf. Weiss et al., 1984) .
It is clear, therefore, that native and purified sodium channels can be described in terms of the same kinetic scheme . This further supports the notion that the purified sodium channel protein retains its functional properties after reconstitution . The kinetic analysis presented here will serve as a basis to characterize the effect of other drugs, toxins, or biochemical and genetic protein modifications on channel gating. This approach may provide insights into the relationship between sodium channel structure and the voltage dependence of channel activation .
